Two-port TEM cells with rectangular cross section are commonly used to produce plane electromagnetic waves with high electric field. The non-uniform structure makes the use of numerical methods extremely useful in the design phase in order to achieve a very good behavior of the TEM cell over a wide frequency range of operation. In this paper an extended version of PEEC is used to study a real device and results are compared with experimental ones.
I. INTRODUCTION
T EM cells provide a low-cost solution for the generation of high-frequency fields in small space volumes and are thus very well suited for many applications like probe calibration, biomedical studies and EMC tests. Although design rules for such systems can be traced back to the original work of Crawford [1] the performance of such systems over wide frequency ranges depends critically on the design of the terminations and of the tapered transitions and numerical modeling significantly reduces the need for prototypes. In this paper an improved PEEC formulation which allows the use of the triangular elements needed for accurately modeling the terminations is presented and results are compared with experimental ones.
II. DUAL-PEEC FORMULATION
The partial element equivalent circuit (PEEC), is a well assessed integral technique whose origins go back to the middle '70s in the seminal work by Ruehli [2] . The basic idea is simulate an electromagnetic structure by means of an equivalent lumped circuit which can then be solved by SPICE-like circuit simulators. The starting point is the equation of the total electric field which, at the observation point and angular frequency , takes the form (1) where is the current density, and are the retarded magnetic vector and electric scalar potential, respectively, which can be expressed as where is the volume charge density, is the wavenumber, the source point and the conductor domain. By substituting (2) and (3) in (1) the well-known EFIE equation is obtained (4) Differently from the standard PEEC formulation (e.g., [3] , [4] ) (4) is discretized by using two grids of interlocked cells, called primal and dual discretization. Variables are associated to different spatial elements, according to the work of Tonti [5] , and as shown in Table I and Fig. 1 . The resulting discretization method is called dual-PEEC [6] . This new framework for the PEEC method allows the use of general meshes consisting of a mixture of triangles and quadrilaterals, as detailed in [7] . In this paper we restrict the formulation to triangular surface elements only.
0018-9464/$26.00 © 2011 IEEE In each triangle , and defining the thickness of the conductor, the current density is expanded by means of div-conforming [8] facet basis functions (5) where is the electric current flowing through the th edge of triangle . The surface charge density is considered uniform in the th element, so that: (6) where and are the total charge and the area of triangle . The coefficient can be considered as the constant basis function used to expand the charge density , respectively.
By substituting (5) and (6) into (4) discretized over a triangular mesh, and restricting the integration domain over surface elements (7) Basis functions (5) and (6) are also used as test functions of (7), resulting in a Galerkin scheme. After this step each term of (7) can be interpreted as a discrete circuit element (partial element)
• partial resistances, which take into account the ohmic losses in the conductor, neglected in this study; • partial inductances, which model the inductive coupling between the th current of element and the th current of element (8) • partial potential coefficients, which measure the contribution of the charge in cell to the voltage of cell :
The corresponding retarded coefficients can be derived by introducing the retarded coefficients: , . The reader may refer to [7] for a detailed description of the partial elements and for an alternative derivation of their definition. The equivalent two-terminal component is shown in Fig. 2 . The dual-PEEC two terminal components can be assembled to obtain the complete circuit to be solved by a general purpose SPICE-like network simulator.
III. ACCURACY ASSESSMENT
The geometry of the TEM cell under study includes parts with a very small thickness, in particular the central septum. On the other side, the thickness has non-negligible effects on the operation of the cell and thus a thin shell model is not appropriate for the simulation. The discretization of such an object, requires a surface mesh made of triangles, where elements on the thickness have very large aspect ratios. From the literature it is not clear how the shape of elements will affect the accuracy of solution, and for this reason a preliminary study on the accuracy of solutions with low-quality elements is required. To this purpose the microstrip over a split ground plane of Fig. 3 is studied. Results relative to the input impedance in the range 1-10 GHz are available in the literature [9] and obtained by the standard PEEC method. The structure is modeled by assigning to each electrode a finite thickness of mm, while triangles on the surface have edges with average length of 1.4 mm. This ensures a sufficient number of elements per wavelength. The elements in the thickness have four order of magnitude between the largest and the shortest edge. As it can be seen in Fig. 4 , the dual-PEEC solution maintains a good accuracy also with poorly shaped elements, and is thus suitable for characterizing the behavior of the TEM cell.
IV. TEM CELL DESCRIPTION AND OPERATION

A. TEM Cell Description
The previous numerical model has been applied to a two-port TEM cell, designed and realized at the Department of Electrical Engineering of the University of Padova [10] . In Fig. 5 a schematic view of the TEM cell is presented. This device has a rectangular cross section of the central part, with mm and mm. The outer conductor is in aluminum; the inner conductor (septum) is in brass, 1.5 mm thick. A plane view of the septum is reported in Fig. 6 . It can be seen that there are two critical parts: one corresponds to the tapered transitions, that join the central rectangular part to a smaller straight rectangular part near each termination; the second one is the final transition to each end connector, that has been here realized with a triangular shape, as outlined in black in Fig. 6 . For ease of welding, this final triangular transitions have been done in copper, and are 0.6 mm thick.
B. TEM Cell Operation
The TEM cell has been designed for a highest test frequency of 230 MHz. Its standard use is in combination with a test system (frequency range 10 kHz-230 MHz), which can be seen in Fig. 7 . It is composed by: a signal generator with a power RF The dual directional coupler allows to obtain two voltage signals proportional to the forward-and backward-traveling waves respectively. These signals have been acquired by a 1 GHz bandwidth oscilloscope and used for the Voltage Standing Wave Ratio (VSWR) calculation which is a commonly used quality indicator for the performance of TEM cells [10] , [11] .
V. NUMERICAL RESULTS
The numerical results presented in this section are related to the analysis of the VSWR which for a matched termination is defined by (10) where the scattering parameter is easily computed from the port impedance matrix provided by the dual-PEEC method. Fig. 8 shows the mesh used to model one of the terminations and clearly demonstrates the usefulness of triangular meshes for this class of applications. Fig. 9 shows the comparison between experimental results and computed results with various mesh sizes. A mesh consisting of roughly 5500 triangular elements is sufficient to get converged results and further refinement does not alter them significantly. The implemented code running on a 2 quad-core Intel Xeon E5440 2.83 GHz with 32 GB RAM takes 860 s for the computation of the coefficients and 67 s for the solution at each frequency for a total runtime of 2540 s. The code is implemented in the Matlab environment with some performance critical routines written in Fortran 90 and evaluates the coefficients in parallel. Furthermore, also the solver is parallelized through the use of the parallel Lapack features of Matlab and profiling shows that all cores run at full speed during the solution phase.
A. Critical Analysis
The previous results show a generally satisfactory agreement between measured and computed results. Anyway, some efforts have been devoted to a further investigation of the obtained numerical data. Indeed simulation results refer to the cell as designed and not as actually manufactured. Possible causes of error include angular deviations especially in the tapered transitions, misalignment and non-planarity of the septum, lack of some features in the model (e.g., dielectric support pillars). Simulations show a very small sensitivity of the VSWR with respect to small lateral misalignments of the septum (2 mm), as shown in Fig. 10 for the case of 5506 elements, whereas vertical movements reduce the height of the 150 MHz peak, which may indicate that the septum is not exactly in the vertical middle of the constructed TEM cell. Currently our PEEC formulation is being extended in order to allow the inclusion of dielectric vol- umes which could further improve the correspondence between simulations and experiments.
VI. CONCLUSIONS In this paper an improved PEEC formulation which allows the use of triangular elements has been applied to the study of a TEM cell for VHF applications. Computational results are in good agreement with experimental ones and indicate the usefulness of triangular elements in modeling the septum terminations. Further investigations are underway in order to asses the sensitivity of the model to manufacturing tolerances and to the presence of the dielectric pillars sustaining the septum.
